A measurement system is presented for the surface form measurement of a cylindrical workpiece with periodic microstructures generated on the outer surface of the workpiece. The main components of the measurement system are a spindle to rotate the workpiece, and an air-bearing displacement sensor with a diamond micro stylus to detect the surface form of the workpiece. The surface form of the micro-structured workpiece was measured in different rotation speeds and the relationship between the measurement repeatability and the rotation speed was investigated. The Fourier transform analysis and the wavelet transform analysis were employed to analyze the measurement results in the time-frequency domain for the identification of the error sources with specific frequency characteristics.
Introduction
Microstructures are attracting attentions for applications in the fields of optical communication, optical storage, flat panel displays, micro motors, micro robots, et al (1) (2) (3) (4) (5) . In order to guarantee the performance of the manufactured workpiece with microstructures, it is important to accurately measure the surface form of the microstructures. Many of the microstructures, such as those in micro gears and micro lens arrays, have periodic forms with short pitches and large amplitudes (high-aspect-ratios) as well as steep surface slopes (6, 7) . The measurement of the surface form of such kind of microstructures is an important task for the precision manufacturing of the microstructures (8, 9) . Commercial measuring instruments such as scanning electron microscopes (SEMs), optical microscopes, scanning probe microscopes (SPMs) and mechanical stylus profilers are being used to measure workpieces with microstructures. The SEMs and optical microscopes can perform a fast measurement. However, the SEMs basically can only obtain a two dimensional image of the microstructures. The result obtained by an optical microscope has large errors in the areas with sharp surface slopes because of the influence of light reflection. The SPMs, represented by atomic force microscopes (AFM), which have extremely high spatial resolutions, are often used for imaging atomic surface structures (9) . However, the measurement ranges of a SPM in both horizontal and vertical directions are limited and not effective in the measurement of large-area and high-aspect-ratio microstructures. On the other hand, the mechanical stylus profiler, of which a stylus probe is scanned over the sample surface by a scanning stage with a large stroke, is more reliable and well used in surface form metrology of manufactured workpieces (10) . However, most of the stylus profilers are designed for the measurement of microstructures formed on a flat workpiece and cannot be effectively used for measurement of microstructures formed on a cylindrical workpiece. This paper describes a measurement system specifically designed and constructed for the measurement of micro-structured cylindrical workpieces with the measurement repeatability better than 1 μm. A cylindrical workpiece of microstructures is employed as the specimen for the experiment of surface form measurements. The workpiece is also measured by commercially available measuring instruments, so that the advantage of the constructed measuring system can be well demonstrated. In addition, the measured results of the surface form by the constructed measurement system are analyzed based on the wavelet transform (13) (14) (15) for the identification of the error components. Figure 1 shows a schematic of the cylindrical workpiece with periodic microstructures for the measurement experiments. The microstructures have a nominal pitch of 100 μm and nominal amplitude of 50 μm. The maximum local slope of the microstructured surface is approximately 70 degrees. The outer diameter of the cylindrical workpiece is approximately 8.54 mm. A schematic of the system constructed for the surface form measurement of cylindrical workpieces with microstructures is shown in Fig. 2 . It consists of an air-bearing displacement sensor, a spindle and a diamond micro stylus. The cylindrical workpiece is mounted on the spindle. The spindle is driven by a stepping motor. The rotation angle of the spindle is measured by a rotary encoder. The number of pulses outputted by the rotary encoder is 8388608 over one rotation, which corresponds to an angular resolution of 0.15 arc-second. A diamond micro stylus with a small included angle was employed for the measurement of the microstructures with a large surface slope of up to 70 degrees. A picture of the diamond micro stylus is shown in Fig. 3 . The radius of the stylus tip is 15 μm. The A schematic of the contact type air-bearing displacement sensor (18, 19) is shown in Fig.   4 . The displacement of the sensor shaft is measured by a linear encoder with a resolution of 0.138 nm and a measurement range of 12 mm. The contact force of the probe tip, which is determined by the inclination angle of the probe shaft, is adjusted to be approximately 0.5 mN with an inclination angle of 1 degree. The inclination of the air-bearing displacement sensor is applied by inclining the workbench, on which both the displacement sensor and the measuring object are fixed. Therefore, the stylus always contacts the surface of the measuring object perpendicularly, and the stylus motion would not change the height of the stylus to the measuring point. The parameters of the measurement system are shown in Table 1 . 
The measurement system for cylindrical workpieces with microstructures

Measurement experiments
The cylindrical workpiece was measured by the constructed measurement system, in which the workpiece was rotated by the spindle and the microstructures were scanned by the air-bearing displacement sensor. Figure 5 shows a rectilinear plot of the measurement results in a small scanning area, which was determined by the rotation angle of the spindle. The scanning range was 5.625 degrees, in which three periods of the microstructures were included. The spindle rotated in the clockwise direction with a speed of 0.1 rpm. The sampling interval was 0.0014 degree. The number of sampling points was 4096. The measurement time for each measurement was 9.375 s. It should be pointed out that the measured radius is not an absolute value, and contains a constant offset. It was assumed that the actual radius of the outer circle is equal to the design value. Based on this assumption, the offset can be worked out by utilizing the mean value of measured points on the outer circle and the design radius of the outer circle. In the measurement, all measured radiuses had been compensated with the constant offset. The same measurements were repeated five times. The five measurement results are overlapped in 
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Measured profile μm the angular measurement positions by the radius of the central circle. The central circle was defined as the circle passing through the center points of the microstructures. The diameter of the central circle was measured to be 8.476 μm. As can be seen that the period of the microstructures at the central circle was measured to be approximately 133 μm and the peak-to-valley amplitude was approximately 70 μm. Figure 6 shows a polar plot of the measured surface profile of the microstructures over one revolution. Figure 7 shows the rectilinear plots of the result of Fig. 6 in different ranges. The total measurement time over one rotation was 10 minutes. It can be seen that the periodic microstructures have been manufactured on the surface of the cylindrical workpiece with a uniform period and amplitude. The measurement results have confirmed the feasibility of the constructed measurement system for surface form measurement of cylindrical workpieces with microstructures.
The same workpiece was also measured by commercial measuring instruments for comparison. The first commercial measuring instrument was a mechanical stylus surface profiler with its schematic shown in Fig. 8 (a) . Similar to the measurement system constructed in this research, the surface form is measured through tracing the surface by using a stylus attached at one end of a lever. The other end of the lever, whose displacement is proportional to that of the stylus, is measured by a displacement sensor. It should be noted that the angle of the stylus will change in association with the stylus displacement because of the rotational motion of the lever about the pivot of the lever. The lever mechanism of the instrument also causes a large inertia moment to the sensor lever during the measurement. This can generate a jumping motion of the stylus when measuring a microstructured surface with a large surface slope change. The measurement result of the microstructures is also shown in the Fig. 8 (b) . The scanning speed was 0.1 mm/s and the sampling interval was 125 nm, which were the minimum values for the stylus profiler. The scanning range was 400 μm, which was approximately the same as that shown in Fig. 5 . The sampling number over the scanning range, which was determined by the capability of the instrument, was 3200. This was much less than that in Fig. 5 . It can be seen that the measured result of the microstructures by the constructed measurement system (Fig. 5) shows a much smoother form than that by the commercial stylus profiler (Fig. 8 (b) ). A jumping motion of the stylus (Fig. 8 (c) ), which occurred at one of the tops of the microstructures, can also be observed in the result by the stylus profiler. As a standard accessory of the stylus profiler, a diamond stylus probe with a tip radius of 2 μm and an included angle of 60 degrees was employed in the measurement. Because of the large included angle of the stylus, the side surface of the stylus, instead of the tip of the stylus, would contact with the surface of the microstructure as shown in Fig. 8 (d) . That was the reason for the curved areas between the tops and the bottoms of the microstructures to be measured as straight lines in Fig. 8 (b) . The measurement result by the commercial stylus profiler over a larger scanning range is shown in Fig. 9 . Because the stylus profiler can only make scanning along the X-direction, the measurement result is a combination of the surface forms of the microstructures and the circular form of the workpiece. As can be seen from the figure, the surface form of the microstructures cannot be well measured when the stylus moves away from the top area of the cylindrical workpiece. The second commercial instrument employed in the experiment was a confocal microscope (17) , which can carry out non-contact three-dimensional measurement. An objective lens with a magnification of 10 was employed in the measurement. The numerical aperture number of the lens was 0.3, corresponding to an included angle of 34.9 degrees. A small numerical number was chosen so that the light beam could reach to the bottom of the microstructure. However, a large part of the light beam could not be collected by the lens because of the light reflections occurred at microstructured surfaces with large surface slopes. Figure 10 (b) and (c) show the measurement results of the microstructures on the cylindrical workpiece. The field view, which was determined by the objective lens, was set to be 700 µm × 500 µm and the number of measurement points, which was determined by the number of the pixels of the CCD element used in the confocal microscope, was 1024 × 768 points. As can be seen in the Fig. 10 (a) , which is the original output of the confocal microscope, the measured surface form of the microstructures had big noise components due to the irregular reflections at the microstructured surface. Figure 10 (b) shows the result after a smoothing process by the software of the confocal microscope. Although the smoothing process can significantly reduce the noise components, it cannot improve the measurement reliability of the result. Based on the measurement results, it can be concluded that the constructed measurement system is much more reliable and more effective compared with the commercial instruments, especially for the measurement of cylindrical workpieces with microstructures. Additionally, the precision roundness measuring instrument was also considered in the measurement. However, it is not capable for the measurement of microstructures with high-aspect-ratios because (1) the probe tip of the roundness measuring instrument usually employs the ball stylus, of which the size is in the order of millimeters, and (2) the measurement range is generally in the range of hundreds of micrometers. On the other hand, the constructed measurement system utilizes a micro stylus with a tip radius of 15 μm and an air-bearing displacement sensor with a measurement range of 12 mm. Therefore, the constructed measurement system is much more capable for cylindrical workpieces with microstructures.
Analysis of the results by the constructed measurement system
In order to further investigate the performance of the constructed measurement system, the cylindrical workpiece with microstructures was measured in different rotation speeds. The measurement data was analyzed in the frequency domain by FFT and the wavelet transform to identify the error components influencing the measurement accuracy of the system. Figure 11 shows the measurement results obtained at different rotation speeds of 0.1 rpm, 0.2 rpm and 0.3 rpm, respectively. Other measurement parameters were the same as those of Fig. 5 . The same measurement was repeated five times at each rotation speed. In order to display the relationship between the repeatability errors and the corresponding measuring positions, each of the figures consists of two parts. The upper part is the measured surface form and the lower part is the result of repeatability errors. The repeatability error, which was defined as the difference between two consecutive measurements, was chosen as the data for the analysis because it is directly related to the stability of the measurement system, which is one of the most fundamental performances of the system. In each figure, there are four sets of repeatability errors. For clarity, the repeatability errors are slightly shifted in each figure. As can be seen in Fig. 11 (b) , when the rotation speed was slow, at 0.1 rpm, the amplitude of the repeatability error was approximately 200 nm at the areas where the stylus probe was ascending the microstructures, which was almost two times as large as those at other areas. This is because that the reaction force from the microstructured surface against the stylus probe along the horizontal direction when the stylus probe was ascending the microstructures was much larger than those at other areas. The same phenomenon can be observed when the rotation speeds were 0.2 rpm and 0.3 rpm, as shown in Figs. 11 (c) and (d). On the other hand, there were also common phenomena for the repeatability errors in difference areas and different speeds. For example, it seems that the repeatability errors contain some oscillation components with certain frequencies for all the results.
The Fourier transform and the wavelet transform were then employed to analyze the repeatability errors in frequency domain. The analyses were carried out on the averaged data of the four repeatability errors in each of the results. Figure 12 shows the results of the Fourier transform of the repeatability errors shown in Fig. 11 . The analysis results of the spatial frequency and the time frequency are presented in this figure, respectively. It should be pointed out that all the data of Fig. 11 over the entire scanning range of 400 μm, were employed for the Fourier transform. From Fig. 12 (a) , it can be observed that in the result of 
the spatial frequency, most of the frequency components distributed at low spatial frequencies below 2 /µm. In the spatial frequency range of higher than 0.5 /µm some large peaks can be observed at different spatial frequencies. Meanwhile, the large peaks were located at almost the same time frequencies as shown in Fig. 12 (b) . The results shown in Fig. 12 indicates that components of the repeatability errors corresponding to the peak frequencies were not caused by the surface form of the microstructured surface but by the dynamic response of the measurement system. On the other hand, it is difficult to identify the error factors causing the peaks from the Fourier transformed results shown in Fig. 12 .
Taking into consideration that the frequency components might be different in different areas of the microstructured surface, which could be the reason for the multiple frequency peaks observed in Fig. 12 , the wavelet transform was employed to identify the reasons for the multiple peaks. Generally speaking, the Fourier transform is a useful tool to make frequency analysis if the same frequency components of interests exist over the entire spatial domain or time domain. On the other hand, however, it is not effective if the frequency components of interests only exist over a short period of the spatial domain or the time domain. The Short Time Fourier Transform (STFT) has been developed to deal with this issue, in which a sliding window with a short period of spatial or time length is employed (20) . However, the length of window limits the resolution in the frequency domain.
Compared with the Fourier transform, the wavelet transform has the advantage to provide frequency information of local spatial domain or time domain without scarifying the resolution in the frequency domain (21) . Figure 13 shows an example for illustrating the difference between results of the Fourier transform and the wavelet transform. Figure 13 (a) shows the input signal for analysis, which is a sine sweep signal. During a term of 10 s, the frequency of the sine wave is swept from 0 Hz to 30 Hz, while the amplitude is kept a constant. It can be seen from the figure that the frequency of the signal increases with the increase of time. Figure 13 (b) shows the Fourier transformed result, which does not well reflect the characteristic of the sweep signal. Figure 13 (c) is the result obtained by the wavelet transform. In Fig. 13 (c) , the horizontal axis shows time and the vertical axis shows frequency. The scale bar on the right side represents the amplitudes of the frequency components. It can be seen that the wavelet transformed result clearly expresses that the frequency of the input signal is increased with time and amplitudes keep constant, which is well consistent with those shown in Fig. 13 (a) . Figure 14 shows the wavelet transformed results of the measurement repeatability errors shown in Fig. 11 . It should be noted that the input signal in Fig. 11 for the wavelet transform is a function of the measuring position, instead of time in Fig. 14 (a) . The horizontal and vertical axes in the wavelet transformed results shown in Fig. 14 are the measuring position with a unit of μm and the spatial frequency with a unit of 1/μm.
Three main error components can be identified from the wavelet transformed results, which are listed in Table 2 . The first error component, numbered by "1" in the figure, is enclosed by the black-dot-lines. The error component occurred over the entire scanning range and has a spatial frequency of approximately 1/μm. The noise in the power line is considered to be the source for the error component because the corresponding time frequency is about 50 Hz. The other two main error components, which are numbered by "2" and "3", respectively, occurred at the descending and ascending areas of the probe stylus on the microstructured surface during measurement. It can be seen that amplitudes of the error components in each of the two areas increased with the increase of the scanning speed while the corresponding time frequencies remained a constant. The error component at the ascending area had larger amplitude but lower time frequency compared with that at the descending area. The error components at the descending areas and the ascending areas, which correspond to the vibrations of the micro stylus probe, were caused by the friction between the microstructued surface and the stylus probe tip based on the "stick-slip-phenomenon" (22) .
Conclusions
This paper presented a system for the surface form measurement of cylindrical workpieces with microstructures. Measurement experiments have been carried out to verify the performance of the constructed system. The measurement data of the microstructured surface form has been analyzed in the frequency domain by using the Fourier transform and the wavelet transform. The results of this paper can be listed as follows: 1) No noticeable distortions have been observed in the measurement results of the microstructured surface form. 2) It has been confirmed that the repeatability accuracy of the system is related to the rotational scanning speed of the spindle. The measurement repeatability errors of the system were approximately ±200 nm, ±300 nm, and ±400 nm for the rotation speeds of 0.1 rpm, 0.2 rpm and 0.3 rpm, respectively. The maximum repeatability errors occurred when the stylus probe was ascending the microstructures.
3) The wavelet transform analysis has been confirmed to be more effective in the analysis of the measured surface profile of the microstructures, in which different frequency components were included in different areas of the scanning range.
